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ABSTRACT
Lago de las Morrenas 4 (9.498056° [degrees] N, 83.486111° [degrees] W, 3466 m
elev.) is the lowest lake in a chain of glacial lakes located in the Valle de las Morrenas, a
valley facing almost due north from Cerro Chirripó, the highest peak in the Cordillera de
Talamanca in Costa Rica. Coarse resolution analyses of pollen, microscopic charcoal, and
loss-on-ignition of a ca. 10,000 year sediment record from Lago de las Morrenas 4 was
carried out to complement and extend previous research on the environmental history of the
Chirripó highlands and to provide context for high-resolution sampling and analysis of early
Holocene sediments. The focus of the high-resolution analysis was the period around 8200
cal yr BP, the time of a prominent Holocene climatic event recognized at many northern
hemisphere sites between ca. 8000 and 8400 cal yr BP. The high-resolution sampling of
sediments encompassing the time period of the 8200 yr BP event revealed a sharp increase in
microscopic charcoal indices coincident with a shift from fibrous silty organic sediment to
granular peat. These shifts, which occurred ca. 7900 cal yr BP, are interpreted to reflect an
interval of drier climate and lower lake level. A decrease in Poaceae pollen percentages and
an increase in Alnus pollen from montane forests may reflect reduced pollen production
within the páramo at this time. The peak charcoal concentration and influx value at ca. 7800
cal yr BP in the Morrenas 4 record may match a similar peak in the macroscopic charcoal
record from nearby Morrenas 1 that occurred ca. 8000 cal yr BP. Both peaks may
correspond to the 8200 yr BP event.
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CHAPTER 1
Introduction
Proxy indicators reveal that climate was more variable during the most recent ice age
than in the relatively warm Holocene in which we now live. However, the Holocene has
been punctuated by variability not typically observed during the 20th century (Mayewski et
al., 2004). Alley et al. (1997) examined oxygen isotopes, chloride, calcium, and methane
concentrations, as well as fire occurrence based on electrical conductivity, in ice cores from
the European Greenland Ice Core Project (GRIP) and Greenland Ice Sheet Project II (GISP2)
and found the most prominent Holocene climatic event to have occurred between ca. 8000
and 8400 cal yr BP, with an assigned age of 8200 cal yr BP—hereafter referred to as the
8200 yr BP event. Kobashi and collaborators (2007) further analyzed the timing of the event
by studying methane concentrations and nitrogen isotopes in the GISP2 core and found it to
begin ~8175 ± 30 years BP with a duration of 150 years. The event timing is correlative to
similar δ18O minima in other Greenland ice cores. Thomas and collaborators (2007)
conducted high resolution analyses of chemistry and stable isotopes in GISP2, GRIP, North
GRIP, and Dye 3 (southern Greenland) cores and found the event to last 160.5 years. In the
original Alley et al. (1997) study, almost all indicators showed a peak at 8250 cal yr BP. The
δ18O change indicated a peak cooling of 6 ± 2 °C. The authors found the magnitude of the
δ18O change, along with other indicators, to be slightly more than half the magnitude of the
Younger Dryas stadial, which occurred between ca. 12,800 and 11,500 cal yr BP, and whose
ending marked the beginning of the Holocene. However, Younger Dryas conditions were
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sustained for more than a millennium, whereas the 8200 yr BP event lasted less than a
millennium (Alley et al., 1997).
The most widely accepted cause for the 8200 yr BP event advanced in the scientific
literature is the rapid outburst of proglacial lakes Agassiz and Ojibway into the north Atlantic
through the Hudson straight (Barber et al., 1999; Clarke et al., 2004). This in turn caused a
shutdown or slowdown of the Thermohaline Circulation, also known as the Atlantic
Meridional Overturning Circulation (AMOC) in its Atlantic segment (Kleiven et al., 2008).
The patterns of the 8200 yr BP event in Greenland ice proxies closely mimic those of the
Younger Dryas. This patterning is consistent with model simulations for a reduction in
North Atlantic heat transport (Alley et al., 1997).
Klitgaard-Kristensen et al. (1998) found indications of cooling in assemblages of
planktonic foraminifera in a marine sediment record from the North Sea and in ring widths in
a long tree-ring record developed from subfossil wood extracted from a river valley near
Bamberg, Germany. The findings from the marine core support the idea of rapid changes in
ocean circulation. The correlation with the tree-ring record supports previous studies,
suggesting that changes in oceanic heat flux caused regional atmospheric temperature
change. The authors offered the hypothesis that the 8200 yr BP event might have been
caused by smaller long-term freshwater fluxes maintained over a longer period rather than a
large outburst of fresh water into the North Atlantic Ocean (Klitgaard-Kristensen et al.,
1998).
Alley et al. (1997) noted that some models project that enhanced freshwater fluxes
into the North Atlantic can slow or stop deepwater convection. In one model, 0.015 Sv (Sv =
106m3 s-1) delivered to the Labrador Sea was sufficient to stop marine convection
2

(Rahmstorf, 1995). It is important to verify this probable cause of the 8200 yr BP event,
because an influx of freshwater to the North Atlantic is possible in a warmed climate of the
future. Modeling of a global warming of 3 °C with twofold polar amplification in a doubled
CO2 atmosphere showed a projected increase of freshwater flux from the Greenland ice sheet
by ~0.02 Sv and revealed that this level could be maintained for centuries (Warrick et al.,
1995).
Understanding the scale and impact of abrupt climatic events has significant
environmental and socioeconomic implications. Longer events, such as the Younger Dryas
stadial, can impact species’ ranges, whereas shorter events, such as the 8200 yr BP event,
may only impact productivity and the abundance of species within their ranges. A shutdown
or slowdown of the AMOC could create a shift in rainfall regimes, making some areas drier.
Such a climate event can affect many human communities that depend on rainfall for
drinking water and agriculture. With a warming climate, scenarios similar to the 8200 yr BP
event are possible. Understanding the scale of past events caused by similar forcings can give
clues to future climate and its potential biological and socioeconomic impacts.
My research examines postglacial environmental and climate history in the Valle de
las Morrenas in Costa Rica, specifically focusing on the ca. 1000 year period bracketing the
8200 yr BP event. I conducted pollen, charcoal, and loss-on-ignition (LOI) analysis on a
sediment core from Lago de las Morrenas 4, the last lake in a chain of glacial lakes in
Chirripó National Park. Using preexisting pollen slides from samples taken over broad
intervals from the Morrenas 4 core, I first developed a long-term environmental history for
the Valle de las Morrenas. The new, coarse-resolution analyses of the pollen, charcoal, and
LOI record from the Morrenas 4 core complement previous research on environmental
3

history conducted in the Valle de las Morrenas by Sally Horn, Ken Orvis, and their students
and collaborators (Horn, 1989, 1993; Horn and Sanford, 1992; Haberyan and Horn, 1999;
League and Horn, 2000; Orvis and Horn, 2000; League, 2003; Lane et al., in review). I then
processed and analyzed 17 contiguous samples from the Morrenas 4 core in the core interval
determined to encompass the period around 8200 cal yr BP to create a high-resolution record
of conditions during this period. The research questions I sought to answer with this
investigation are as follows:
Question 1: What are the trends in environmental change recorded over the Holocene at
Lago de las Morrenas 4, and are results congruent with prior studies of the sediments of
other lakes in the Valle de las Morrenas and the adjacent Valle de los Lagos?
Question 2: Is there evidence of the 8200 yr BP climatic event in the sediments of Lago
de las Morrenas 4 and if so, what changes in climate are indicated by changes in
sedimentary proxies of vegetation, fire, and/or lake productivity?
My thesis is divided into seven chapters. In Chapter 2, I place my research project in
context by summarizing literature on the 8200 yr BP event from sites around the world. I
provide further context in Chapter 3, which describes the geology, physiography, climate,
and vegetation of the Valle de las Morrenas and surrounding area, and the results of previous
paleoecological studies in the region. In Chapter 4, I describe the field and laboratory
methods used in analyses of the Morrenas 4 lake sediments. Chapter 5 presents the results of
the pollen, microscopic charcoal, and LOI analyses. I discuss my results in the context of
previous paleoecological studies in Chapter 6. I conclude and summarize my findings in
Chapter 7, and offer suggestions for future research.
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CHAPTER 2
The 8200 yr BP Event: Review of the Literature
Most research regarding the 8200 yr BP event has been conducted in Europe. The
most probable cause of this cold climate event is a shutdown or slowing of the AMOC
because of freshwater influx, making Europe the area most likely to be affected. Much of the
European continent is influenced by the movement of warm surface water from the Gulf
Stream to the high latitude north Atlantic. Westerlies bring warmed moistened air across
Europe, creating a mild climate relative to other continental areas of similar latitude. The
shutdown or slowing caused by a freshwater influx would in most cases create a colder, drier
climate across Europe. The following studies from Europe and elsewhere have shown
evidence of environmental changes that are interpreted as responses to the 8200 yr BP event.
Nesje and Dahl (2001) examined evidence of the 8200 yr BP event in five lacustrine
sediment sequences in Norway using loss-on-ignition analysis (LOI). LOI is a method used
to estimate the organic content of sediments. The results were interpreted to represent the
same cooling event recorded in the Greenland ice cores. LOI profiles closely matched the
two-peak drop in δ18O values in Greenland ice cores, with less organic matter in the lakes
during the event. This could be an indicator of decreased plant productivity in and
surrounding the lake. However, the timing of the event, while centered around 8400 to 8000
yr BP, ranged widely in the five lake cores. The wide date range brought into question
whether the events recorded in the LOI profiles truly match the Greenland ice cores (Bennett,
2002). However, the disparities in results could be due to the inherent error in bulk sediment
radiocarbon dates and mixing of sediment in the lakes.
5

Veski et al. (2004) found evidence of the 8200 yr BP event in a high-resolution study
of pollen assemblages in annually laminated sediment from Lake Rõuge, a 4.2 ha lake in
southern Estonia. Annual mean temperatures reconstructed from the pollen-stratigraphic
data showed an abrupt temperature decline beginning at 8400 yr BP and peaking at 8250–
8150 yr BP, when temperatures were ~2.0 °C lower than the prior period. This interpretation
was based on decreases in the thermophilous tree taxa Alnus, Corylus, Tilia, and Ulmus. It
should be noted the Lake Rõuge data showed the cold period beginning at 8400 yr BP. Other
precisely dated high-resolution records, including the δ18O records from Greenland, showed a
shorter event focused at ~8200–8000 yr BP.
Kofler et al. (2005) examined pollen records of two high-altitude, temperaturesensitive bogs in the eastern Alps for evidence of the 8200 yr BP event. At Brunnboden bog,
pollen influx overall declined, particularly for the key taxa Pinus cembra and Cyperaceae.
Decreased influx of the thermophilous species Corylus, Tilia, and Ulmus indicated that
pollen production and/or flowering of these species was affected by the cold event (Kofler et
al., 2005), as Veski et al. (2004) had concluded from the Estonian pollen data. Both sets of
authors concluded that pollen production was constrained by low temperatures and short
growing seasons during the 8200 yr BP event.
Seppä et al. (2007) offered a comprehensive examination of the 8200 yr BP event in
Europe. They synthesized 12 high-resolution pollen records to examine the spatial structure
of the 8200 yr BP event across Europe. The synthesis of pollen-based evidence showed
cooling at four sites south of 61°N, but no cooling at eight sites north of 61°N during the
8200 yr BP event. Seppä et al. (2007) concluded from the spatial structure of the 8200 yr BP
event in Europe that cooling took place mostly during winter and early spring, with the
6

growing season likely shortened. Their comprehensive examination not only makes an
important contribution to understanding the spatial pattern of the 8200 yr BP event, but also
highlights the importance of site selection in paleoenvironmental studies.
Hijma and Cohen (2010) inferred sea-level change during the 8200 yr BP event from
(mostly basal) peat samples from within the Rhine-Meuse delta, located near Rotterdam,
Netherlands. The authors’ method relies on the idea that coastal peat forms extensively
around local mean high-water level. The records indicated a sudden water-level rise of 2.11
± 0.89 m caused by a sea-level jump beginning ca. 8500 yr BP. Abrupt drowning of the site
caused a shift in the sediment from peat to gyttja mud, an indication of transformation from a
swamp into a fluvial-tidal open water environment. Based on their findings and those of
previous studies, the authors concluded that a sea-level rise of this magnitude was most likely
caused from a two-staged event.
Although it is likely Europe shows the largest ―footprint‖ of the 8200 yr BP event
because of the possible role of the AMOC in modulating climate, there is some evidence of
the 8200 yr BP event on other continents. Seppä et al. (2003) carried out pollen and LOI
analyses of a sediment profile from a small low arctic lake in continental Nunavut, Canada to
assess Holocene vegetation and climate changes. Vegetation stability was disrupted once
during the Holocene. There was a sharp decline of Betula, and a rise of Ericaceae
(undifferentiated Vaccinium-type), Gramineae, and Cyperaceae pollen at 8100 yr BP. These
shifts in pollen percentages were interpreted to signal abrupt cooling.
Ellwood and Gose (2006) examined magnetic susceptibility (MS) in cave sediments
in Hall’s Cave in Texas and found a distinct peak in MS at ~8200 yr BP. Previous research
had shown that MS in soils in warm climates dominated by limestone increases during
7

warmer, drier periods, because magnetic minerals (primarily magnetitite and maghemite) are
formed as the result of alternating chemical reduction and oxidation during pedogenisis.
Based on redox reactions with limestone, the authors interpreted the MS peak to indicate a
warmer, drier climate in Texas. Another cave sequence studied by Ellwood et al. (1996)
from Konispol Cave, Albania showed an opposite trend, in which MS decreased, indicating a
cooler climate during the 8200 yr BP event. Ellwood and Gose (2006) interpreted the
different MS signals to reflect climate controls similar to Heinrich events, which are
described as having warmer conditions along the western margin of the Atlantic and colder,
drier conditions along the eastern margin (Ellwood and Gose, 2006). However, these
findings do not agree with results from western Maine, where Kurek et al. (2004) found a
decrease in LOI in sediments from two ponds during the period between about 8400 and
8000 cal yr BP that they interpreted to indicate cooler temperatures.
Lutz and collaborators (2007) analyzed LOI and grain size values from three
sediment cores from Brown’s Lake, a kettle lake in northeast Ohio. The authors found two
closely spaced silt layers present in all three cores that were the most prominent horizons in
the Holocene section. AMS dates were obtained from material surrounding the layers, one
from each core retrieved. The double layer found in the sediment was interpreted as two
discrete events of loess mobilization during the 8200 yr BP interval. These results support
other research indicating a two-staged event. Keigwin et al. (2005) identified both a change
in δ18O of foraminifera and a change in species composition during the time period
associated with the 8200 yr BP event, in sediment cores retrieved in the North Atlantic off
the eastern coast of Canada. The decrease in δ18O in planktonic foraminifera and increase in
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the abundance of the polar foraminifera, N. pachyderma, indicated a two-staged event during
the 8200 yr BP event period.
Gorham et al. (2007) compiled basal peat data from 1680 sites throughout North
America. A set of simple ecological models were used to account for the cumulative
initiation of peatlands in relation to glacial retreat. The authors found a sharp decline in the
number of peatlands that were initiated from ca. 8360 to ca. 8040 cal yr BP. This depression
is in the middle of the peak of peatland initiation rates. Gorham and collaborators interpreted
the depression as continent-wide atmospheric drying that was significant enough for
depression of peatland initiation in most areas during the interval.
Wurster and collaborators (2008) analyzed carbon and hydrogen stable isotope values
from bat guano in the Grand Canyon, USA. The authors found the overall trends in guano
δ13C and δD values to show similarities with the GISP2 δ18O record. At the time of the 8200
yr BP event, the δ13C and δD values display a negative anomaly, indicating a rapid shift to
cooler conditions with less precipitation. At ca. 8000 cal yr BP, the δ13C values abruptly
increase ~1‰, indicating warmer conditions in the middle Holocene.
Fewer studies exist from the tropics pertaining to the 8200 yr BP event. Hughen and
collaborators (1996) analyzed grey scale (relative reflectivity) on fresh surfaces of four
marine sediment cores from the Cariaco basin off the coast of Venezuela. During the boreal
winter, the ITCZ shifts south and trade-winds increase across the Cariaco basin, increasing
upwelling. During the boreal summer, trade winds and upwelling diminish and rains
increase. The sedimentation patterns follow this seasonal alternation. They found results
indicating enhanced trade winds, associated with a southward displacement of the ITCZ,
associated with the 8200 yr BP event. Haug and collaborators (2001) analyzed titanium and
9

iron concentration data in a Cariaco basin marine sediment core. The results showed a
decrease in iron and titanium concentration indicating a decrease in riverine discharge during
the time period of the 8200 yr BP event, further supporting results indicating a southward
shift of the ITCZ.
Gasse (2000) reviewed paleohydrological data from the African tropics and noted low
African lake levels between 8500 and 7800 yr BP that may correlate with the 8200 yr BP
event. The ages assigned and durations vary, however, and higher resolution sampling is
needed to establish the link. Thompson et al. (2002) conducted a high-resolution analysis of
ice-core samples from Mt. Kilimanjaro, Africa. Their record showed a spike in wind-blown
fluoride from dry lake surfaces spanning two 50-year long samples. The results indicated a
drying around 8000 yr BP that was interpreted to match the 8200 yr BP event in the
Greenland ice cores.
Lachniet et al. (2004) examined a δ18O record from a stalagmite in Costa Rica that
they interpreted as a proxy for monsoonal rainfall. Speleothems offer a unique climate proxy
because they incorporate rainfall-derived δ18O and can be dated using U-series isotopes. The
climate in Costa Rica is strongly influenced by the Intertropical Convergence Zone (ITCZ),
which is characterized by convection and rainfall. The annual migration of the ITCZ creates
dry and wet seasons described as the Central American Monsoon, with the wet season
occurring during the northern hemisphere summer. In tropical regions, δ18O values are
inversely correlated with rainfall (i.e. high values represent low rainfall). The δ18O record in
the stalagmite studied showed a distinct high anomaly between ca. 8300 and 8000 yr BP.
The authors interpreted this peak as indicating a drier period coinciding with the 8200 yr BP
event. A weaker monsoon signal is likely related to global climate reorganization and a
10

southward displacement of the ITCZ. The response found in the Costa Rican speleothem
showed a sensitivity of tropical rainfall regimes to extratropical climate.
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CHAPTER 3
Environmental Setting and Previous Paleoecological Studies
Study Area
The Valle de las Morrenas is located in the Cordillera de Talamanca, the largest and
highest mountain range in the isthmian portion of Central America. The valley faces almost
due north from Cerro Chirripó (3819 m, 9.485556° N, 83.490833° W; Figure 1), the highest
peak in Costa Rica and the Cordillera de Talmanca. Cerro Chirripó and the surrounding
terrain were sculpted by ice through a series of episodes of glaciation and deglaciation.
Glacial erosion and deposition created some 30 glacial lakes in the Chirripó highlands (Horn
et al., 2005). The Valle de las Morrenas is a well-developed alpine glacial trough with a
developed cirque headwall, tarns, rock thresholds, and the moraines that give it its name
(Orvis and Horn, 2000). The Morrenas lakes are located above the upper elevational limit of
subalpine forest, and the area surrounding the lakes is covered in treeless páramo vegetation
dominated by bamboo and evergreen shrubs. My study site, Lago de las Morrenas 4
(9.498056° N, 83.486111° W, 3466 m elev.; Figure 2), is the lowest in a chain of glacial
lakes. The uniqueness of the alpine glacial landscape surrounding Chirripó was a key factor
in the establishment of Chirripó National Park in 1975. The park preserves over 7000 ha of
páramo surrounding Cerro Chirripó and has a total area of over 50,000 ha (Hofstede, 2005).
Geological and Physiographic Setting
The Cordillera de Talamanca was formed by rapid uplift associated with subduction
of the Cocos Ridge. The major geologic event forming Cerro Chirripó occurred between 12
and 8 Ma when a pluton intruded marine sediments, lavas, and pyroclastics
12

Figure 1. Map of valleys near Cerro Chirripó, including the Valle de las Morrenas.
Source: Horn and Haberyan (Forthcoming).
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Figure 2. Photograph of Lago de las Morrenas 4.
Created by joining 4 photographs. View is from approximately the North. Photograph by author.

14

(Drummond et al., 1995; Orvis and Horn, 2000). Cerro Chirripó is a glacial horn surrounded
by at least three cirques with a variety of glacial erosional features in the valleys below.
The glaciated portion of Valle de las Morrenas is at least 4.6 km long (Orvis and
Horn, 2000). A tributary glacial valley drains into the Valle de las Morrenas at 1.5 km from
the upper end of the valley (Orvis and Horn, 2000). A major rock threshold exists just above
the tributary confluence and divides the valley into a proximal section about 1.3 km wide and
a much narrower and steeper distal section (Orvis and Horn, 2000). The valley floor extends
up to 3520 m in the main valley and the headwall rises from 3650 m to the peak of Cerro
Chirripó (3819 m).
Orvis and Horn (2000) collected a sediment core from Morrenas Lake 4 and dug a pit
in the then-dry surface of Morrenas Lake 0A in February 1998 (Figure 1). They obtained
AMS dates on sediment from the Morrenas 4 core and macroscopic charcoal sieved from a
pit sample from Lake 0A. Calibrated age ranges were 9700–9470 cal yr BP for Morrenas 4
and 9890–9530 cal yr BP for Morrenas 0A (Orvis and Horn, 2000). These dates supported a
previous time of deglaciation reported by Horn (1990) based on the basal date of core 2 from
Morrenas 1. Based on the similarities of basal dates for lakes 0A, 1, and 4, the authors
concluded that the upper region of Valle de las Morrenas underwent rapid deglaciation.
Orvis and Horn (2000) concluded deglaciation occurred after 12,360 cal yr BP and before
9700 cal yr BP. The sediment stratigraphies of the cores from 0A, 4, Morrenas 1, and nearby
Lago Chirripó do not show any signs of glaciation after this deglaciation.
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Climate
Costa Rica is under the climatic influence of the Intertropical Convergence Zone
(ITCZ), which is characterized by vertical convection and rainfall. The annual precipitation
pattern at Cerro Chirripó is linked to the seasonal migration of the ITCZ. During the boreal
winter, the ITCZ shifts south, weakening convective activity over Costa Rica, and thereby
decreasing rainfall. This annual shift of the ITCZ creates distinctive wet and dry seasons that
Giannini et al. (2000) termed the Central American Monsoon.
There are presently few meteorological data available for the Chirripó páramo. The
records from the Cerro Páramo station (3466 m, 9.561389° N, 83.755000° W; Instituto
Costarricense de Electricidad station 073080, unpublished data), located c. 30 km west of
Cerro Chirripó, may represent a suitable analogue (Horn et al., 2005). Between 1971 and
2000, the Cerro Páramo station recorded a mean annual temperature of 8.5 °C and a mean
annual precipitation of 2581 mm (Lane et al., in review). Nearly 90% of precipitation fell
during the wet season between May and November, with the rest arriving between December
and April, the dry season (Horn et al., 2005).
Based on records of 188 Costa Rican meteorological stations, Orvis and Horn (2000)
estimated a mean annual surface lapse rate of -5.42 °C km-1 in Costa Rica, and a mean annual
temperature of 7.6 °C (range 1.6 °C) for the upper valley floor (3500 m) in the Valle de las
Morrenas.
Vegetation
Kappelle (1991) described four major plant community types within the boundaries
of Chirripó National Park: páramo, subalpine forest, upper montane forest, and lower
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montane forest. In Chirripó National Park, páramo extends from approximately 3300 m to
3819 m. Páramo vegetation in Costa Rica is characterized by bamboo and shrubs. The
Chirripó páramo is dominated by the dwarf bamboo Chusquea substessellata, which reaches
a maximum height of 2 m and up to 60% cover. C. substessellata is accompanied by shrubs
including Hypericum strictum, Hypericum spp., Vaccinium consanguineum, Escallonia
myrtillioides, Clethra gelida, Gaiadendrom punctatum, Myrsine pittieri, Rhamnus
oreodendron, and Ugni myricoides. None of these shrubs reach a coverage of 10%. The
Chirripó páramo represents approximately 14.5% of Chirripó National Park (7250 ha).
The subalpine forest (3100–3400 m) is transitional between the páramo and the oakdominated montane forest (Kappelle, 1991). Trees in the subalpine forest are generally no
taller than 12 m, and have twisted forms and trunks and branches covered with epiphytes,
mosses, lichens, and liverworts. Here, the dominant bamboo is replaced by Chusquea
talamancensis, which reaches a maximum height of 5 m with coverage between 50 and
100%. On the Pacific slope, the canopy is dominated by Comarostaphylos arbutoides (35–
45% coverage), while, on the Atlantic slope, it is dominated by Vaccinium consanguineum
(5–20% coverage). Weinmannia trianae var. sulcata is found on both slopes, accompanying
other trees. Small trees and shrubs of Diplostephium costaricense, Miconia spp., Myrsine
pittieri, and Schefflera pittieri dominate openings between the trees of the canopy. Less
frequent in the subalpine forest are the species Gaiadendron punctatum, Ugni myricoides,
Rhamnus oreodendron, Drimys granadensis, and Oreopanax capitatus. Quercus
costaricensis is present in small numbers in the lower fringe of the subalpine forest.
Kappelle’s community classification divides the upper montane forest into higher and
lower regions. The canopy of the higher upper montane forest (2800–3200 m) reaches 35 m
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and is chiefly characterized by Quercus costaricensis. The understory is dominated by
Chusquea talamancensis and C. tomentosa. The trees Schefflera pittieri, Drimys
granadensis, Myrsine pittieri, and Weinmannia trianae var. sulcata are typical of the
subalpine forest, but are also present in the higher areas of the higher upper montane forest,
representing the gradual transition into the montane forest. The presence of Quercus
copeyensis, Cleyera theaeoides, Ilex pallida, Podocarpus oleifolius, Saurauia veraguasensis,
Persea sp., Ardisia sp., and Styrax argenteus signals the transition to the lower region of the
upper montane forest (2400–2800 m). Here, the canopy reaches 45 m and is dominated by
Quercus copeyensis with Weinmannia pinnata. Common trees in the subcanopy include
Ardisia spp., Schefflera pittieri, and Drimys granadensis. Miconia spp., Nectandra salicina,
Quercus copeyensis, and Clusia spp. are important but less frequent. Podocarpus oleifolius,
Persea sp., Saurauia veraguasensis, Cleyera theaeoides, Ilex pallida, Prunus annularis,
Symplocos sp., and Styrax argenteus are also present. The subcanopy is dominated by
Chusquea tomentosa, with a height of 6 m. C. talamancensis is only found very close to the
higher region of the upper montane forest. Upper montane forest, including both the higher
and lower regions, covers nearly 50% of Chirripó National Park, occupying approximately
24,750 ha.
Kappelle (1991) also divides the lower montane forest into two regions. The higher
region of the lower montane forest (from 2000–2400 m) is characterized by a mixture of
canopy trees reaching 35 m in height. Quercus spp. dominate along with Ocotea spp.,
Nectandra salicina, Trichilia havanensis, Guarea tonduzii, Billia hippocastanum, Mollinedia
pinchotiana, Clusia spp., Persea spp., Weinmannia pinnata, and Meliosma glabrata. The
subcanopy is composed of Ardisia spp., Styrax argenteus, and occasionally Saurauia
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veraguasensis, Prunus annularis, and species of Symplocos. Geonoma hoffmanniana
dominates the understory, occasionally accompanied by the bamboos Chusquea tomentosa
and Aulonemia viscosa. The higher region of the lower montane forest represents 23.1% of
the surface area of the park—approximately 11,500 ha.
Kappelle (1991) did not conduct a systematic study of the lower region of the lower
montane forest (2000–2400 m). However, he noted that the region is dominated by trees of
the families Anacardiaceae, Annonaceae, Araliaceae, Bignoniaceae, Boraginaceae,
Celastraceae, Clethraceae, Clusiaceae, Euphorbiaceae, Flacourtiaceae, Lauraceae,
Melastomataceae, Meliaceae, Mimosaceae, Moraceae, Myrtaceae, Proteaceae, Sapindaceae,
Staphyleceae, Simaroubaceae, Symplocaceae and Verbenaceae. This region represents 5.7%
of the Chirripó National Park, covering approximately 2,750 ha.
Pollen grains from all of these plant community types are present in sediments from
glacial lakes in Chirripó National Park (Horn, 1993). Paleoecologists have used the detailed
vegetation study by Kappelle summarized above and other studies of plant distribution
together with modern pollen data to infer shifts in vegetation and climate from the pollen
stratigraphy of highland lakes and bogs.
Human History
The Chirripó páramo is remote from human settlement and has no history of
prehistoric or historic human occupation (League and Horn, 2000). Although there is no
record of human settlement in the Chirripó páramo, there is evidence that indigenous
populations occupied both slopes of the Cordillera de Talamanca, with settlements linked by
several trails crossing the crest (Horn, 1989). Prehistoric and historic fires in the Chirripó
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páramo could have originated as fires set for agriculture or other purposes at lower elevations
that spread out of control and moved upslope, or as hunting or cooking fires set by people
crossing the cordillera. Several fires caused by carelessness, airplane crashes, and arson have
affected the Chirripó páramo since the 1950s (Horn and Sanford, 1992).
Paleoecological Studies in the Chirripó Páramo and Surrounding Region
Several researchers have investigated the environmental history of the Chirripó
páramo and surrounding highlands. As part of a study of long-term fire history of the
Chirripó páramo, two sediment cores were raised from Lago Chirripó in 1985 (Horn, 1989).
The longer, nearshore core contained two distinct layers of macroscopic charcoal, at ca. 1180
and 2430 14C yr BP, along with abundant microscopic charcoal quantified by point counting.
This charcoal indicates late Holocene fires set by lightning, people, or both. Pre-Columbian
groups never inhabited the páramo, but macroscopic and microscopic charcoal in Lago
Chirripó may reflect human-set fires associated with hunting, trail marking, or wildfires
ignited by agricultural fires set at lower elevations that became out of control. The distinct
layers of macroscopic charcoal in the longer Lago Chirripó core suggest lake levels were
previously lower, allowing large charcoal particles to reach a core site presently 20 m
offshore.
Horn and Sanford (1992) reported the occurrence of charcoal fragments in soils in
lowland Costa Rica that date to the same periods as the macroscopic charcoal layers in the
Lago Chirripó core. The authors argued that when taken together, the fire events recorded at
the two sites indicated past changes in moisture availability. The droughts may have been
short-term, regional rainfall anomalies or may have been linked to larger regional climatic
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shifts. The lowland charcoal data are from the rain forests of La Selva Biological Station
(35–150 m elevation) in the northern Caribbean lowlands. Soil charcoal at La Selva was
recovered from soil cores taken at 10-cm increments to a total depth of 1 m at six sites. The
presence of charcoal at La Selva refutes the idea of describing mature rain forests as ―virgin‖.
The two clusters of radiocarbon dates on charcoal from La Selva and Chirripó suggested two
intervals of prehistoric burning: 2430 and 1110–1180 14C yr BP. The presence of charcoal
dated to the same time period over a wide expanse (2 km) at La Selva suggested that even if
human-set, the fires that produced the charcoal would provide evidence of more severe
drought conditions. Horn and Sanford (1992) envisioned wildfires burning areas of intact
forest during dry intervals associated with shifts in atmospheric circulation systems that
simultaneously lowered lake levels at Lago Chirripó.
Horn (1993) later carried out microscopic charcoal, pollen, and LOI analyses of a
sediment core recovered from Lago de las Morrenas 1 in the adjacent Valle de las Morrenas
that covers the entire post-glacial interval beginning with deglaciation approximately 10,000
years ago. Poaceae (grass) pollen reached its highest values at the base of the core, when ice
was retreating from the Valle de las Morrenas. Pollen percentages for certain tree and shrub
taxa found in subalpine and lowland to lower montane forests slightly increased towards the
top of the core. The microscopic charcoal record from Morrenas confirmed and extended the
record from nearby Lago Chirripó. Both records show peaks of charcoal at ca. 1180, 2400,
and 3800 14C yr BP (Horn, 1993). The microfossil data indicate that the Chirripó massif has
supported treeless páramo vegetation since deglaciation, and that fires have not created
páramo out of montane forest. Some of the sedimentary charcoal was likely derived from
human-set fires, especially in the late Holocene (Horn, 1993). The slight increases in
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montane pollen percentages could indicate human-induced burning of páramo, decreasing the
proportional representation of páramo pollen and leading to higher percentages of montane
pollen. Different charcoal abundances in the Morrenas 1 core may also indicate differences
in lake level.
Haberyan and Horn (1999) examined diatoms in the Morrenas 1 sediments to
complement terrestrial evidence of environmental history. Diatoms were sampled at 20 cm
increments in Morrenas 1 core 2, the same core studied by Horn (1993), mostly at the same
depths she had analyzed for pollen and charcoal. At least 95% of all diatom valves on each
slide were from the genus Aulacoseira. The dominance of Aulacoseira in all samples
indicates long-term stability in the diatom community of Lago de las Morrenas, but not
necessarily stability in lake conditions. A peak in diatom abundance in samples from 155
and 150 cm depth in the profile (ca. 2120 and 2030 cal yr BP, respectively) was associated
with high concentrations of microscopic charcoal (Haberyan and Horn, 1999; interpolated
ages after Lane et al., in review). This pattern could indicate a diatom bloom following a fire
or fires, or a lowering of lake level. The authors concluded that further work is needed on the
ecology of high-elevation Aulacoseira in Costa Rica, and that whether long-term stability in
the diatom community of Lago de las Morrenas reflects long-term stability in lake conditions
remains uncertain.
League and Horn (2000; see also League, 1998) analyzed macroscopic charcoal from
the sediment core from Lago de las Morrenas 1 that had been sampled for pollen,
microscopic charcoal, and diatoms. Previous fire history reconstructions from this core and
the Lago Chirripó core had been based primarily on the stratigraphy of microscopic charcoal,
although macroscopic pieces of charcoal had been noted. Fine-scale analysis of macroscopic
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charcoal offers a more detailed local fire history, because larger charcoal particles are not as
likely to travel far from the source (Whitlock and Larsen, 2001). The macroscopic charcoal
stratigraphy of the Morrenas 1 core, determined at 1-cm intervals, generally matched the
coarse-resolution microscopic charcoal record presented by Horn (1993). The influx
(particles/cm2/year) of charcoal particles >500 µm was found to be highest in the later
Holocene (after ca. 4600 cal yr BP) and lowest from ca. 7400–5100 cal yr BP (League and
Horn, 2000; interpolated ages after Lane et al., in review). The record showed several peaks
in charcoal influx between 9800 and 7900 cal yr BP, including a peak around 8000 cal yr BP.
Variation in macroscopic charcoal influx could be associated with increased human
populations at lower elevations in the Cordillera de Talamanca. Charcoal influx could also
reflect Holocene climate variability. The low charcoal influx from 7400–5100 cal yr BP may
signal more moist conditions, which is supported by paleoecological studies in the Yucatan,
Haiti, and elsewhere (Hodell et al., 2000).
League (2003) also analyzed macroscopic charcoal in a series of short cores taken
from Lago de las Morrenas 1 in February of 1998. He retrieved a total of nine cores along an
E–W transect across Morrenas 1, and carried out high-resolution charcoal analysis of the
upper 20–30 cm in each core. His results suggested that patterns of charcoal deposition are
related to wind-generated currents and stream input. There was more charcoal in nearshore
cores, most likely due to wind-generated currents. Also, there was more charcoal in the cores
collected near the eastern shore, which League attributed to the proximity to the valley wall
and an inlet.
Lane and collaborators (in review; see also Lane, 2003) investigated bulk and
compound-specific carbon isotope signatures of a different core from Lago de las Morrenas.
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This core (Morrenas 1 core 1) also covers the period since deglaciation. Stable carbon
isotope ratios of n-alkanes, typically derived from terrestrial plants, indicated an increased
abundance of C4 plant taxa during the late Pleistocene and earliest Holocene. This could be
related to decreased atmospheric carbon dioxide concentrations, increased aridity, or habitat
availability (Lane et al., in review). Additionally, the n-alkane isotope ratios provided
evidence of more arid conditions during the early and late Holocene, and more mesic
conditions during the middle Holocene, a pattern that is prevalent in other paleoclimate
records from the region.
Hooghiemstra and collaborators have analyzed sediment cores from several bogs
located below the modern lower limit of páramo vegetation in the Cordillera de Talamanca
(Islebe and Hooghiemstra, 1997). In one study, Hooghiemstra and collaborators (1992)
conducted pollen analysis on two cores from La Chonta bog (2310 m elevation) and a nearby
soil profile, with the objective of investigating vegetation history and inferring the sequence
of climate changes during the last glacial–interglacial cycle. The results were interpreted to
indicate altitudinal shifts of vegetation belts in response to climate change. The authors
identified seven pollen zones in a record that they suggested to span over 60,000 years based
on correlation of pollen zones and radiocarbon dating of the La Chonta 2 pollen record.
Islebe, Hooghiemstra, and Borg (1995) conducted a high-resolution pollen analysis of the La
Chonta profile and presented evidence of a temperature decrease during the Younger Dryas
Chron, which they named the La Chonta stadial. The pollen record showed decreased
Quercus and increased Poaceae representation, indicating a downslope shift in páramo
vegetation during this period.
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Islebe and collaborators also conducted pollen analysis on sediment cores from
Trinidad bog, presenting a detailed study of the Holocene (Islebe et al., 1996). Time control
for the two La Trinidad cores was obtained through correlation with the La Chonta record.
The results indicate a warming transitional phase from ca. 10400 to 9800 yr BP, followed by
wetter early to mid-Holocene (ca. 9500–4500 yr BP), during which time Alnus forest was
replaced by cyperaceous swamp. A high representation of Hypericum was interpreted as
increased drier conditions in the late Holocene (4500–1500 yr BP).
Driese and collaborators (2007) conducted a series of analyses on paleosols from a
site in the upper montane forest region of the Cordillera de Talamanca. The site consisted of
two roadcuts along the Inter-American Highway, near a truck stop known as ―El Trailero‖
(2507 m elevation). The results provide evidence of dramatic uplift in the Cordillera de
Talamanca. Pollen preservation was generally poor in the paleosols. Of 18 samples
processed for pollen, only two yielded sufficient numbers of pollen grains for analysis. Both
samples were from a mollic epipedon older than the reach of radiocarbon (>43,000–48,000
yr BP). The two pollen samples were dominated by Poaceae and Asteraceae. The authors
noted that the pollen percentages of the two samples closely matched a modern pollen sample
that Islebe and Hooghiemstra (1997) collected at 3650 m elevation in the Chirripó páramo. It
is possible páramo grassland or open dwarf-bamboo conditions existed at the site, although
the paleosol characteristics differ from those of modern páramo soils.
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CHAPTER 4
Methods
Field Methods
In February 1998, Dr. Sally Horn, Dr. Ken Orvis, and graduate student Brandon
League cored the sediments of Lago de las Morrenas 4 using a Colinvaux-Vohnout locking
piston sediment corer (Colinvaux et al., 1999). They recovered two successive one-meter
core sections from a core site located in the deepest portion of the lake (2.1 m water depth),
slightly to the south of the center of the lake (Figure 3). Core sections were designated based
on depths of the drives, including the water depth. Core section 2.23–3.23 m extends from
0.13 m to 1.13 m below the sediment-water interface, and core section 3.23–4.23 extends
from 1.13 m to 2.13 m. A third section was taken from a parallel hole to obtain overlapping
material. This 3.4–4.3 m core section includes sediment from 1.30 m to 1.68 m below the
sediment-water interface. Horn collected a surface dredge sample, but the team did not
obtain a mud-water interface core owing to time constraints.
Laboratory Methods
The core sections were returned to the lab enclosed in their original aluminum coring
tubes. A specialized router and table were used to open the tubes in the laboratory. Each
section was divided longitudinally into two halves, one for sampling and the other for
archival purposes. The core sections were then photographed and examined for Munsell
color, stratigraphy, and texture. My analysis focuses on the 2.23–3.23 m and 3.23–4.23 m
core sections.
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Figure 3. Location of the core site in Morrenas Lake 4.
Location (green dot) is shown on an air photograph of a portion of the upper Valle de las
Morrenas. North is at the top of the image, which was scanned from a 1:14,000-scale air
photograph from the Instituto Geográfico Nacional, San José, Costa Rica. Image courtesy of
Ken Orvis.
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Radiocarbon Dating
To determine the chronology of the Morrenas 4 sediments, S. Horn submitted six
samples to Beta Analytic Laboratory for Accelerator Mass Spectrometry (AMS) radiocarbon
dating. These samples consisted of bulk organic sediment (3 samples), peat (1 sample), and
charcoal (2 samples). One date on charcoal was from the parallel 3.4–4.3 m core section, but
the rest were on the 2.23–3.23 m and 3.23–4.23 m core sections. S. Horn also calibrated the
dates using CALIB rev. 5.0.1 (Stuiver and Reimer, 1993) and the dataset of Reimer et al.
(2004), and calculated the weighted means of the calibration probability distributions
(Telford et al., 2004). These single-year age estimates were used to calculate sedimentation
rates and to infer ages for sampled depths in the profile, using linear interpretation between
dated intervals.
Loss on Ignition and Microfossil Sample Preparation
I used a nested sampling approach for my analysis of the Morrenas 4 profile. To
investigate possible broad-scale shifts in environmental conditions, I examined pollen and
microscopic charcoal on previously prepared pollen slides from 18 levels in the profile, from
16.6 to 158.5 cm depth. I also used preexisting water content and LOI data for these levels.
To examine conditions in the period bracketing the 8200 yr BP event, I processed 17 samples
that I removed from the 3.23–4.23 m core section at 1-cm intervals. I removed 0.5 cm3
samples for LOI analysis, placed them in pre-weighed crucibles, weighed them, dried the
samples at 100 °C for 24 hours, and then reweighed them to determine water content. I then
ignited samples in a muffle furnace at 550 °C for one hour and at 1000 °C for one hour to
estimate organic and carbonate content (Dean, 1974).
28

For pollen processing, a combination of 1.0 cm3 and 0.5 cm3 sample sizes were used.
A sample size of 1.0 cm3 had originally been used for the samples taken at broad intervals in
the 2.23–3.23 m core section, and a sample size of 0.5 cm3 had been used for samples taken
at broad intervals in the 3.23–4.23 m core section, which has a lower water content. An
initial set of 0.5 cm3 samples I prepared from the ca. 8500–7500 cal yr BP interval in this
core section produced an insufficient amount of material for charcoal or pollen analysis and it
was decided thereafter to return to a 1.0 cm3 sampling size for microfossil analysis. All
samples were processed using standard methods of pollen processing (HF, HCl, KOH, and
acetolysis; Appendix A; Berglund, 1986), with Lycopodium control spores added to enable
calculation of pollen concentrations (Stockmarr, 1971).
Pollen Analysis
The pollen residues were mounted on slides in silicone oil and counted to a minimum
of 300 pollen grains per level, excluding indeterminate pollen grains and fern spores. I
identified pollen grains by examining pollen reference slides and using published keys and
other guides (Hooghiemstra, 1984; Horn, 1986; Roubik and Moreno, 1991; Colinvaux et al.,
1999; Kapp et al., 2000). I identified pollen at 400x magnification to the lowest taxonomic
level possible.
Unknown pollen grains were numbered, drawn, and described, and their locations on
slides were noted for later reexamination. Unknown grains occurred infrequently and
represented a small fraction of total pollen grains. I classified spores other than Lycopodium
cf. saururus and Isoetes storkii by morphology (monolete and trilete) and exine sculpturing
(psilate, scabrate, verrucate, coarsely verrucate, echinate, baculate). The abundance of
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Isoetes made it impractical to count all spores. Instead, I counted Isoetes until reaching at
least 100 control spores and 100 Isoetes spores, and then extrapolated the Isoetes count based
on the control count when I stopped counting Isoetes, and the final control count.
Charcoal Analysis
I quantified microscopic charcoal on the same slides used for pollen analysis using
point counting techniques outlined by Clark (1982). Using the ends of the horizontal scale
on my eyepiece reticle, I applied six points to fields of view chosen haphazardly along 35
transects per slide, for a total of 2600–7300 points per slide. A ―hit‖ was scored if a point
touched a charcoal fragment. The number of Lycopodium marker spores in each field of
view was recorded. Calculations of charcoal area concentration and influx were based on
Clark (1982) with modifications by S. Horn (Appendix B). For most samples (N=26), the
relative error of the point count estimate of charcoal was less than 30% (mostly ca. 10–20%).
Seven samples contained very little charcoal and had higher relative errors.
I entered all pollen, spore, LOI, and charcoal data into Microsoft Excel spreadsheets
to calculate percentages, concentrations, and influx of different pollen types; charcoal area
indices; and organic, carbonate, and inorganic non-carbonate content. Diagrams were
generated using the C2 computer program (Juggins, 2010).
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CHAPTER 5
Results
Core Stratigraphy
The 2.23–3.23 m and 3.23–4.23 m ―main core‖ sections, and the parallel 3.40–4.40 m
core section, show distinct stratigraphic changes (Figure 4). The base of the profile, from
213 to about 180 cm, consists of glacial flour transitioning to sandy organics. This is
followed by a section of organics intermixed with sand and gravel from 180–160 cm. At 160
cm there is a shift to fibrous silty organics, with an abrupt transition to granular peat at 151–
152 cm (sloping contact), returning to fibrous organic silt at 144 cm. These shifts in
sediment type encompass the interval that could correspond to the 8200 yr BP event. In
logging the sediment core, K. Orvis and S. Horn had wondered if the abrupt transition to peat
at 151–152 cm signaled disturbance or desiccation (S. Horn, personal communication). This
shift in sediment type was part of the impetus for the present study.
Higher in the profile, at 90 cm, a small band of sand is present. The peat layer and
other shifts in organic sediment type were not apparent in the cores from the much larger and
deeper Lago de las Morrenas 1. The presence of distinct intervals of different sediment
composition in the Morrenas 4 profile indicates changes in limnological properties,
biological activity, and/or allochthonous sediment inputs over time, and suggests this smaller
lake may be more sensitive to changes in lake and watershed conditions than Morrenas 1.
The layer of sand at 90 cm may match an interval of higher magnetic susceptibility in the
Morrenas 1 sediments identified by League (1998) in core 1 from Morrenas 1 and Lane
(2003) in core 2 from Morrenas 1. Further analysis of the sand in the Morrenas 4 profile
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Figure 4. Stratigraphy of the Morrenas 4 profile.
Modified by author from profile logs by K. Orvis. Depths were adjusted by K. Orvis to account for slight possible compaction above
168 cm and incomplete recovery below 168 cm. In the labels at intervals sampled for radiocarbon dating, (bulk) refers to AMS dates
on bulk organic sediment. The upper 5 cm of the profile is a dredge sample that was not analyzed in this study.
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would be useful but is outside the focus of the present study.
Radiocarbon Dating
The radiocarbon dates (Table 1) indicate that the Morrenas 4 record spans 8580
radiocarbon years or ca. 9569 calibrated years, based on the weighted mean of the probability
distribution for the calibrated age range of the basal organic sediment. One inversion exists in
the chronology. A piece of charcoal at 61 cm in the profile yielded a radiocarbon date that is ca.
2500 calibrated years older than the date on organic sediment at 75.5 cm depth. I interpret the
charcoal sample from 61 cm in the profile to be redeposited material, and have excluded it from
the age-depth model (Figure 5). An alternative interpretation would be that this charcoal date is
correct, and that the AMS date on sediment ca. 15 cm lower in the profile is instead too young.
This situation could occur if the lake dried out at some later point in time, allowing plants to
colonize the surface and plant roots to grow into the sediment at 75.5 cm depth. However, plant
roots were not observed during core logging or when the sample was removed for radiocarbon
dating (S. Horn, personal communication). Also, if the sand layer at 90 cm in the Morrenas 4
profile matches the MS peak at 280 cm in Morrenas 1 core 2, the radiocarbon chronology from
the latter core (S. Horn, unpublished data) would indicate that the sand layer dates to ca. 4110 cal
yr BP. This date would support the interpretation that the charcoal at 61 cm (4510 cal yr BP) is
redeposited.
Under both interpretations of the radiocarbon chronology, the age-depth profile indicates
an interval of apparently very slow sediment accumulation in the middle or late Holocene.
Rejecting the charcoal date at 61 cm depth (my interpretation) puts this interval between ca. 76
and 100 cm depth in the profile and between ca. 2041 and 6249 cal yr BP in time (Figure 5).
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Table 1. AMS radiocarbon determinations and calibrations for samples from the Morrenas 4 profile
Depth in
Material
Uncalibrated
Area under
Lab

Core section

profileb

numbera

and interval

(cm)

B-202295

2.23–3.23/

50.7

B-125065

Calibrated age rangec

probability

meand

curve

–23.1

1440 ± 40

1397–1292 cal yr BP

1.000

1339

–25.3

4030 ± 40

4588–4417 cal yr BP

0.942

4510

4614–4593 cal yr BP

0.026

4784–4766 cal yr BP

0.032

1939–1933 cal yr BP

0.008

2144–1945 cal yr BP

0.992

6045–6026 cal yr BP

0.014

83.3–84.3

6076–6068 cal yr BP

0.006

cm

6151–6117 cal yr BP

0.040

6400–6176 cal yr BP

0.941

2.23–3.23/

2.23–3.23/

2.23–3.23/

3.40–4.40/

3.23–4.23/
56–59 cm

organic
sediment

61

charred
material

75.5

organic

–26.7

2070 ± 40

sediment
99.6

146

24 cm
B-116973

C age

±2σ

60–61 cm
B-125064

14

(14C yr BP)

46.5 cm

B-204699

δ13C
(‰)

36–37 cm
B-204700

dated

Weighted

peat

charred

–23.4

5460 ± 60

2041

6249

–24.3

6690 ± 60

7663–7462 cal yr BP

1.000

7555

–19.2

8580 ± 70

9704–9457 cal yr BP

0.995

9569

9731–9722 cal yr BP

0.005

wood
175.5

organic
sediment

a

Analyses were performed by Beta Analytic Laboratory in Miami, Florida.
Depth in profile based on analysis by K. Orvis that took into account slight possible sediment compaction above 168 cm and incomplete recovery below 168 cm.
c
Calibrations were calculated using CALIB 5.0.1 (Stuiver and Reimer, 1993) and the dataset of Reimer et al. (2004).
d
Weighted mean of the 2 σ calibrated radiocarbon probability distribution.
b
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Figure 5. Age-depth diagram for the Morrenas 4 profile.
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Rejecting the sediment date at 75.5 cm puts this interval between ca. 51 and 61 cm depth in
the profile and between ca. 1339 and 4510 cal yr BP in time. The apparently slow rate of
sediment accumulation at this time may indicate missing sediments, perhaps due to
desiccation of the lake basin. Additional radiocarbon dating would better constrain this
interval in the history of Morrenas Lake 4.
Loss on Ignition
The sediment organic content estimated from loss-on-ignition fluctuated from 20–
40% through the core except for the most basal sample, at 160.5 cm (8545 cal yr BP), with
an organic content of 11% (Figure 6). This is congruent with the visible stratigraphy of the
core. Organic content shows a general increase through the ca. 8500–7500 cal yr BP interval
(160.5–142.5 cm, 8545–7456 cal yr BP) with no notable changes. Carbonate content is low,
and as expected, inorganics show the inverse of the organic content.
Pollen Preservation and Concentration
Pollen preservation was adequate through the profile. Two levels from the fibrous
organic silt above the granular peat layer (141.5 and 143.5 cm) had insufficient residue for
counting. This was likely due to loss of material during sample preparation. On slides from
33 levels, I counted a total of 11,296 pollen grains. Of this total, 763 (6.8%) were damaged
(broken or worn) or obscured by other material on the slides. I could not determine their
morphology and therefore could not identify them. These were classified as indeterminate
and were not included in calculations of pollen percentages. The percentage of indeterminate
grains, as a percentage pollen including indeterminates, ranged from 0–12.5%.
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Figure 6. Loss-on-ignition results for the Morrenas 4 profile.
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I classified a total of 356 individual pollen grains as ―unknowns‖ (3.2% of total).
These grains had features that could be readily identified, but I was unable to classify the
grains into a specific taxonomic grouping. Many were tricolporate and reticulate. Other
investigators have indicated a similar difficulty in identifying grains with this general
morphology (Horn, 1986; Roubik and Moreno, 1991; Rodgers and Horn, 1996). The number
of unknown pollen grains per level varied from one (<1% total pollen) to 22 (6.5%). Grains
classified as ―unknown‖ were included in the total pollen count used to calculate pollen
percentages and total pollen concentrations.
Pollen concentrations in the samples ranged from ca. 6600 grains/cm3 to over 70,000
grains/cm3 wet sediment (Figure 7). The lowermost sediments have higher pollen
concentration values, likely, in part, because of lower water content. A higher water content
reduces pollen concentration values expressed on the basis of wet sediment volume. Pollen
concentrations in the ca. 8500–7500 cal yr BP interval show two distinct spikes at 154.5 cm
(8135 cal yr BP) and 148.5 cm (7726 cal yr BP) depth in the profile.
Pollen Types and Stratigraphy
In the Morrenas 4 samples, there were a total of 10,940 pollen grains that I could
classify. Among those, I identified 28 different pollen taxa. Pollen assemblages in the core
are dominated by grains from the genera Quercus, Alnus, and the family Poaceae (Figure 8).
Poaceae percentages tend to be higher lower in the core. Quercus percentages fluctuate
between 20% and 30% through most of the core, with notable declines at 153.5 cm (8067 cal
yr BP) and 144.5 cm (7513 cal yr BP; 15.7 and 16.4%, respectively ).. Percentage spikes for
Alnus occur at 144.5 cm (7513 cal yr BP) and 64.1 cm (1718 cal yr BP).
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Figure 7. Pollen concentrations and influx, microscopic charcoal concentrations on a
wet volume and dry mass basis, charcoal influx, and charcoal:pollen ratios in the
Morrenas 4 profile.
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Figure 8. Pollen percentages for selected taxa in the Morrenas 4 record.
The unshaded supplementary curves are 5x exaggerations.
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Figure 8. Continued
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Spores
The Morrenas 4 core contains spores of many different morphologies produced by ferns
and ―fern allies‖ including club mosses and quillworts. I tallied a total of 1,169 spores. I
identified Lycopodium cf. saururus and Isoetes storkii. Lycopodium saururus is a terrestrial
clubmoss of the páramo that produces foveolate spores that are distinct from the Lycopodium
control spores added in preparing pollen samples. All other spores were tallied based on
morphology. Isoetes was the most frequent palynomorph in the Morrenas 4 sediment, with an
extrapolated total of almost 55,000 spores. Calculated on the basis of total pollen and spores,
Isoetes percentages fluctuated between 10% and 40% from 160.5 cm (8545 cal yr BP) to 94.1 cm
(5289 cal yr BP). Isoetes percentages showed a marked rise in the late Holocene, with all but
one sample from the last ca. 4500 years reaching over 80% Isoetes. Lycopodium cf. saururus
also showed an increase in representation from the early Holocene to the late Holocene, although
the change in percentage was not as dramatic as for Isoetes.
Charcoal Stratigraphy
Charcoal was recorded in point counts for all but one of the 33 levels sampled (Figure 7).
I applied a total of 159,672 points to the slides from 33 levels. Of the points applied, a total of
2,345 touched charcoal (1.5%). Charcoal concentrations (expressed both as charcoal area per
volume and per dry sediment mass) and charcoal influx (expressed as charcoal area per cm2 per
year) show similar patterns. Charcoal:pollen ratios show similar patterns, with a few notable
deviations. At 39.3 cm (1027 cal yr BP) and 47.6 cm (1254 cal yr BP) charcoal:pollen ratios are
highest, but these levels do not show the highest charcoal concentration or influx. Charcoal
concentrations expressed on a dry mass basis and charcoal influx both show the two highest
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peaks at 16.6 cm (406 cal yr BP) and 149.5 cm (7794 cal yr BP). The 149.5 cm sample lies
within the ca. 8500–7500 cal yr BP interval.
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CHAPTER 6
Discussion
The sediment record from Lago de las Morrenas 4 provides multiple lines of evidence
that contribute to our understanding of the environmental history of the Valle de las
Morrenas and surrounding region. The pollen and charcoal record from Morrenas 4 shows
similarities with that presented by Horn (1993) from Morrenas 1. In this chapter, I discuss
my interpretations of the Morrenas 4 record using the research questions I posed in Chapter 1
as a framework. I begin by discussing the general trends of environmental change
documented in the Morrenas 4 record, while comparing this record with previous work done
at other lakes surrounding Cerro Chirripó. I then discuss the Morrenas 4 record in light of
the 8200 yr BP event.
What are the trends in environmental change recorded over the Holocene at Lago de las
Morrenas 4 and are results congruent with prior studies of the sediments of other lakes in the
Valle de las Morrenas and the adjacent Valle de los Lagos?
The Morrenas 4 pollen record supports previous research indicating the Valle de las
Morrenas and surrounding Chirripó massif has been covered by treeless páramo vegetation
since deglaciation approximately 10,000 years ago. These results are consistent with
previous research suggesting páramo is the natural vegetation on the Chirripó massif (Horn,
1993). Although it is considered ―natural,‖ in that it has occupied the massif since
deglaciation and would occur without human intervention, the Chirripó páramo has been
disturbed by humans in the past century (Horn, 1989) and it is possible human disturbance
could have affected the environmental proxies in the Morrenas 4 sediments. Morrenas 4
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shows trends in pollen percentages similar to those of Morrenas 1, based on selected taxa
(Figure 9). As in the Morrenas 1 record, the Morrenas 4 pollen profile shows an increase of
subalpine and montane taxa over the Holocene (Figure 8). Notably, Miconia, Myrsine, and
members of Asteraceae, which now dominate the subalpine forest, show greater
representation in the late Holocene, after ca. 5000 cal yr BP. Additionally Quercus, which
dominates the montane forest, reaches highest values in the late Holocene. As in the
Morrenas 1 record, Poaceae percentages are higher in the early Holocene.
The higher representation of subalpine and montane types in the late Holocene
sediments at Morrenas 4 does not necessarily indicate a change in vegetation, but could
instead signal changing productivity. As noted by Horn (1993), such changes could indicate
decreased pollen production in the páramo during the late Holocene, as this would lead to
relatively higher counts, and thus higher percentages, for subalpine and montane pollen taxa
blowing upslope from forests at lower elevation. However, as with the Morrenas 1 record,
the trend of increasing pollen representation of subalpine and montane taxa in the late
Holocene is also apparent with influx data (not shown), suggesting changes in the
distribution and abundance of forest taxa. The higher representation of subalpine and
montane pollen types in the late Holocene may reflect a general upslope shift in the
elevational ranges of taxa in response to climatic warming over the Holocene.
As with the Morrenas 1 record, the Morrenas 4 sediments show higher charcoal influx
in the late Holocene than during the middle Holocene; however, charcoal concentrations do
not differ much if at all between the middle and late Holocene, and the low resolution of the
Morrenas 4 record in the middle Holocene makes any comparison tenuous. There is some
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Figure 9. Pollen percentages for selected taxa in the Morrenas 4 and Morrenas 1 records.
Morrenas 1 pollen taxa are based on counts by Horn (1993). The x axes on each graph show percent total pollen. Age interpolation
follows Lane et al. (in review), with pollen samples in glacial flour in the Morrenas 1 profile omitted from the diagram.
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Figure 9. Continued
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suggestion in the charcoal influx data and charcoal:pollen ratios of higher values around
1200 cal yr BP (Figure 7), as found in charcoal records from Morrenas 1 and Lago Chirripó
(Horn, 1993). High microscopic charcoal influx values are also found in early Holocene
sediments at Morrenas 4, a pattern not seen at Morrenas 1 (Figure 10). The second highest
microscopic charcoal influx value in the Morrenas 4 record, of ca. 18 mm2
charcoal/cm2/year, occurs in sediments deposited ca. 7800 cal yr BP. In contrast,
microscopic charcoal influx values at Morrenas 1 are relatively low in both the early and
middle Holocene, compared to the late Holocene. However, microscopic charcoal in the
Morrenas 1 profile was sampled at broad intervals, and high influx values could exist for
samples not analyzed. The high-resolution macroscopic charcoal record from the site does
show peaks in both charcoal concentrations and influx in the early Holocene, though not in
the middle Holocene.
Peaks in microscopic charcoal in the late Holocene sediments of Lago Chirripó are
associated with lenses of macroscopic charcoal, and both indicators have been interepreted as
evidence of lowered lake levels (Horn and Sanford, 1992; Horn, 1993). This same
interpretation may hold for peaks in microscopic charcoal indices in the Morrenas 4 record.
Because I used the same methods to quantify microscopic charcoal at Morrenas 4 as
Horn (1993) did at Morrenas 1, it is possible to compare absolute values of charcoal indices
as well as patterns. Charcoal concentrations on a dry mass basis show similar values in the
two records, but charcoal:pollen ratios are several times higher in the Morrenas 4 record. In
the Morrenas 4 sediments, most samples analyzed showed charcoal:pollen ratios of at least
5000 μm2 charcoal per pollen grain, with a mean of ca. 10,000 μm2 charcoal per pollen grain
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Figure 10. Microscopic charcoal concentrations and influx in the Morrenas 4 record
and microscopic and macroscopic charcoal concentrations and influx in the Morrenas 1
record. The light grey boxes in the macroscopic charcoal profiles show sediment intervals
that were used for radiocarbon dating and not available for analysis. Morrenas 1 charcoal
data are from Horn (1993) and League and Horn (2000), with age interpolation following
Lane et al. (in review).
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and a maximum value of ca. 42,000 μm2 charcoal per pollen grain. In contrast, half of the
samples in the Morrenas 1 record developed by Horn (1993) showed charcoal:pollen ratios of
no more than 1500 μm2 charcoal per pollen grain, the mean value was ca 2150 μm2 charcoal
per pollen grain, and the highest value (at ca. 1200 cal yr BP) was about 13,300 μm2
charcoal per pollen grain. Values for charcoal influx at Morrenas 4 and Morrenas 1 show the
same relationship (Figure 10), with an average Morrenas 4 influx value of 5.8 mm2
charcoal/cm2/year, about two times the average value at Morrenas 1 of 3 mm2
charcoal/cm2/year. The higher charcoal influx and charcoal:pollen ratios at Morrenas 4 may
relate to the smaller size of the Morrenas 4 basin and to the fact that the Morrenas 4 core site
was located closer to shore than the Morrenas 1 core site. In his research on patterns of
recent charcoal deposition in Morrenas 1, League (2003) found that nearshore cores
contained higher charcoal concentrations.
Spore percentages in the Morrenas 4 and Morrenas 1 cores also show some similar
patterns. Both Morrenas 4 and Morrenas 1 showed an increased representation of the native
clubmoss, Lycopodium cf. saururus, through the Holocene. Isoetes spores at Morrenas 1
(Horn 1993, not shown here) did not increase sharply in the late Holocene, as at Morrenas 4,
but spore abundance did generally increase over the Holocene. Additional samples from the
Morrenas 4 core during the middle Holocene could improve the resolution of the Isoetes
transition. It is possible this transition is an indicator of changes in limnological properties.
Morrenas 4 is substantially smaller and shallower than Morrenas 1 and therefore potentially
more sensitive to changes in the surrounding environment. It is possible that a decrease in
lake level during the late Holocene could have increased the concentration of Isoetes in the
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lake sediments. It is also possible that limnological conditions changed to produce a more
suitable environment for the growth of Isoetes.
As noted by Horn (1993), in previous studies in the Andean páramos, changes in
Isoetes microspores were used to interpret lake levels variations (cf. Hooghiemstra, 1984;
van der Hammen and Cleef, 1986). These authors interpreted increases in Isoetes as
increases in lake level. Horn (1993) argued that such a relationship does not likely hold for
lakes of the Costa Rican páramos. Isoetes storkii, the most likely source of the Isoetes spores
in the Chirripó lakes, grows in deep permanent lakes and also shallow ponds, bogs, and
seasonally wet meadows. Horn argued that higher Isoetes could be in fact linked to a drop in
lake level. Decreased lake levels would expose new habitats for the plant while possibly
bringing Isoetes populations closer to the core site. Complicating lake level reconstruction,
other limnological factors must be considered regarding Isoetes abundances. Torres et al.
(2005) found that under fluvial and fluvio-lacustrine depositional regimes in the Bogota basin
of Colombia, the use of Isoetes as an indicator of high levels is not consistent because it is a
common taxon on the banks of upstream rivers. In their study, Isoetes abundance was more
associated with fluvial activity; the authors found that changes in the water table could be
inferred from the ratio of abundance of Isoetes and the abundance of swamp vegetation.
Other investigators correlated Isoetes abundance with shallow lake waters in the Andes
(Gosling et al., 2008; Niemann and Behling, 2009, 2010). Further complicating
reconstructions, Isoetes spore production in Europe has been shown to be sensitive not just to
depth, but also to conductivity, pH, and water color in Europe (Vöge, 2004).
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Is there evidence of the 8200 yr BP climatic event in the sediments of Lago de las Morrenas 4
and if so, what changes in climate are indicated by changes in sedimentary proxies of
vegetation, fire, and/or lake productivity?
My search for possible evidence of the 8200 yr BP event at Lago de las Morrenas 4
focused on high-resolution analysis of microfossils and sediment characteristics in a 17-cm
section of sediment estimated to span the period from 8500 to 7500 cal yr BP. This interval
of the profile begins at a transition from organic sediment with sand and gravel to fibrous
silty organic sediment; encompasses a transition (at ca. 7900 cal yr BP) from silty organics to
granular peat; and ends with a return to fibrous silty organics (Figure 11). Charcoal
concentrations and influx, and charcoal:pollen ratios, all increase dramatically in the granular
peat, based on analyses of pollen and microscopic charcoal in samples taken at one-cm
intervals across this transition. The highest charcoal concentration and influx, and highest
charcoal:pollen ratio, all occur at ca. 7800 cal yr BP, based on available radiocarbon dates.
Macroscopic charcoal concentrations and influx in the Morrenas 1 profile, also
determined at one-cm intervals, show a comparable peak in the early Holocene (League,
1998; League and Horn, 2000). In the Morrenas 1 record this peak is centered at ca. 8000 cal
yr BP (Figure 10). I interpret the peaks in both profiles as possibly corresponding to the
8200 yr BP event.
Although research at sites in North America and Europe has revealed changes in the
organic content of lake sediments during the 8200 yr BP event (Chapter 2), the highresolution LOI data did not reveal a strong shift in organic content at Morrenas 4. However,
a small, brief rise in organic content is seen at ca. 7900 cal yr BP, during a more general rise
in organic content during the early Holocene.
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Figure 11: Charcoal concentrations, influx, charcoal:pollen ratios, organic content, and Alnus percentages in the portion of
the Morrenas 4 sediment profile encompassing the time period of ca. 7500–8500 cal yr BP.
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A marked change in pollen percentages during the ca. 8500–7500 cal yr BP period
occurs for the genus Alnus. Pollen percentages for this montane forest tree more than double
within the granular peat, between ca. 7700 and 7500 cal yr BP. Poaceae percentages show a
percentage decline during this period (Figure 8). These shifts in two major pollen taxa in the
Morrenas 4 sediments may indicate a decline in pollen production within the páramo and a
consequent percentage increase in pollen from surrounding forests. Few other changes are
apparent in individual pollen taxa, but overall pollen concentrations show peaks at 8135 and
7726 cal yr BP (Figure 7).
Lachniet et al. (2004) suggested that the 8200 yr BP event could have caused a
southward displacement of the ITCZ, decreasing monsoonal rain in Costa Rica. Rainfall in
the Valle de las Morrenas could have been reduced by this shift in the ITCZ, leading to
lowered lake levels and changing patterns of sedimentation at Lake 4. Drier conditions could
also have led to increased fires. Charcoal transport to the core site would be enhanced by
lowering of the lake level, as this would bring the core site closer to shore. Drier conditions
could also reduce pollen production by grasses, contributing to a proportional increase in
Alnus pollen from surrounding forests. While the peaks in pollen concentration would seem
to argue against reduced páramo pollen production, they could be the result of changes in
pollen delivery to the core site.
The strongest hint of an 8200 yr BP event in the Morrenas 4 record is in the
microscopic charcoal data and sediment composition. Based on the available radiocarbon
dates, the interval of granular peat and high charcoal values that I interpret as corresponding
to a dry period does not fall during the period of the 8200 yr BP event, but somewhat earlier
(ca. 7900–7500 cal yr BP), with the charcoal peak at 7800 cal yr BP. An additional
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radiocarbon date or dates from the Morrenas 4 profile would better constrain this interval,
and make it possible to determine whether there is a link with the 8200 yr BP event. Efforts
to obtain more dates are in progress.
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CHAPTER 7
Conclusions
The paleoecological record from Lago de las Morrenas 4 provides a ca. 10,000-year
record of environmental history from the Chirripó massif. Fluctuations in pollen, charcoal,
and LOI values through the profile complement and extend previous analyses of sedimentary
proxies in the Valle de las Morrenas and Valle de los Lagos. Poaceae dominates the pollen
profile in the early Holocene, giving way to stronger subalpine and montane forest
representation in the middle and late Holocene. Pollen concentration shows a general
decrease in the Holocene. Similar to Morrenas 1, the Morrenas 4 record shows an increase in
representation of the native Lycopodium cf. saururus. Notably, in the Morrenas 4 record, a
sharp increase in Isoetes representation is seen in the middle Holocene and persists into the
late Holocene. Although a general increase in Isoetes through the Holocene is seen in the
Morrenas 1 record, it is not as drastic. The change in Isoetes in the Morrenas 4 record could
be indicative of changes in lake conditions or possibly other environmental variables in the
Valle de las Morrenas. The uniqueness of the Isoetes increase in the Morrenas 4 record
warrants further investigation.
The fire history indicated by the Morrenas 4 record supports that of previous records
from Morrenas 1 and Lago Chirripó. However, the Morrenas 4 record shows the highest
charcoal influx to have occurred during the early Holocene (7794 cal yr BP) and in the last
five centuries (406 cal yr BP), whereas records from Morrenas 1 and Lago Chirripó show a
strong peak in microscopic charcoal influx around 1200 cal yr BP. The pattern of sampling
for the 8200 yr BP event should be considered when comparing results from the microscopic
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analyses. The Morrenas 4 record presented here has a higher sampling density in the early
Holocene, whereas the Morrenas 1 microscopic record has a coarse sampling density during
this period. The Morrenas 4 sampling design did, however, lead to a coarser representation
of the mid-Holocene at this site as compared to Morrenas 1.
High-resolution sampling of sediments encompassing the time period of the 8200 yr
BP event revealed a sharp increase in microscopic charcoal indices coincident with a shift
from fibrous silty organic sediment to granular peat. These shifts, which occurred at ca. 7900
cal yr BP, are interpreted to reflect an interval of drier climate and lower lake level. A
decrease in Poaceae pollen percentages and an increase in Alnus pollen from montane forests
may reflect reduced pollen production within the páramo at this time. The peak charcoal
concentration and influx value at ca. 7800 cal yr BP in the Morrenas 4 record may match a
similar peak in the macroscopic charcoal record from nearby Morrenas 1 that occurred ca.
8000 cal yr BP. Both peaks may correspond to the 8200 yr BP event.
Future research on the lakes of the Chirripó massif could help resolve possible
impacts of the 8200 yr BP event. Foremost, additional radiocarbon dating from the Morrenas
4 core would better constrain the charcoal peak present in the Morrenas 4 sediment record
that I interpret as possibly corresponding to the 8200 yr BP event. Additional samples could
also be analyzed to improve the resolution of the mid-Holocene record in the Morrenas 4
sediment cores. These data would allow closer comparison of the Morrenas 4 and Morrenas
1 records. The 8200 yr BP event may be most likely to show up as increases in charcoal
values, which can be driven by lower lake levels and higher fire incidence, both resulting
from drier climate. Thus, additional microscopic and macroscopic charcoal analyses of
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sediment profiles from glacial lakes of the Chirripó highlands may be particularly useful in
resolving the possible impact of the 8200 yr BP event in the Cordillera de Talamanca.
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Appendix A: Pollen Processing Procedure.
The following procedure was used to process sediment samples from Lago de las Morrenas 4
for pollen and microscopic charcoal analysis. Samples were processed in 15 ml Nalgene®
polypropylene centrifuge tubes. The centrifuge used was an IEC model CL benchtop
centrifuge with a 6 x 15 ml swinging bucket rotor. All centrifugations were carried out at the
highest speed.

1.

Add 1 Lycopodium tablet to each centrifuge tube.

2.

Add a few ml 10% HCl, and let reaction proceed; slowly fill tubes until there is about
10 ml in each tube. Stir well, and place in hot water bath for 3 minutes. Remove
from bath, centrifuge for 2 minutes, and decant.

3.

Add hot distilled water, stir, centrifuge for 2 minutes, and decant. Repeat for a total
of 2 washes.

4.

Add about 10 ml 5% KOH, stir, remove stick, and place in boiling bath for 10
minutes, stirring after 5 minutes. Remove from bath and stir again. Centrifuge 2
minutes and decant.

5.

Wash 4 times with hot distilled water. Centrifuge for 2 minutes each time.

6.

Fill tubes about halfway with distilled water, stir, and pour through 125 µm mesh
screen, collecting liquid in a labeled beaker underneath. Use a squirt bottle of
distilled water to wash the screen, and to wash out any material remaining in the
centrifuge tube.

7.

Centrifuge down material in beaker by repeatedly pouring beaker contents into
correct tube, centrifuging for 2 minutes, and decanting.

8.

Add 8 ml of 49–52% HF and stir. Place tubes in boiling bath for 20 minutes, stirring
after 10 minutes. Centrifuge 2 minutes and decant.

9.

Add 10 ml hot Alconox® solution, made by dissolving 4.9 cm3 dry commercial
Alconox® powder in 1000 ml distilled water. Stir well and let sit for 5 minutes.
Then centrifuge and decant.

10.

Add more than 10 ml hot distilled water to each tube, so top of water comes close to
top of tube. Stir, centrifuge for 2 minutes, and decant.
Assuming that no samples need treatment with HF, continue washing with hot
distilled water as above for a total of 3 water washes.

11.

Add 10 ml of glacial acetic acid, stir, centrifuge for 2 minutes, and decant.
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Appendix A: cont’d
12.

Make acetolysis mixture by mixing together 9 parts acetic anhydride and 1 part
concentrated sulfuric acid. Add about 8 ml to each tube and stir. Remove stirring
sticks and place in boiling bath for 5 minutes. Stir after 2.5 minutes. Centrifuge for 2
minutes and decant.

13.

Add 10 ml glacial acetic acid, stir, centrifuge for 2 minutes and decant.

14.

Wash with hot distilled water, centrifuge and decant.

15.

Add 10 ml 5% KOH, stir, remove sticks, and heat in vigorously boiling bath for 5
minutes. Stir after 2.5 minutes. After 5 minutes, centrifuge for 2 minutes, and
decant.

16.

Add 10 ml hot distilled water, centrifuge for 2 minutes, and decant for a total of 3
washes.

17.

After decanting last water wash, use the vortex genie for 20 seconds to mix sediment
in tube.

18.

Add 1 drop of safranin stain to each tube. Use vortex genie for 10 seconds. Add
distilled water to make 10 ml. Stir, centrifuge for 2 minutes, and decant.

19.

Add a few ml TBA, use the vortex genie for 20 seconds. Fill to 10 ml with TBA, stir,
centrifuge for 2 minutes, and decant.

20.

Add 10 ml TBA, stir, centrifuge for 2 minutes, and decant.

21.

Vibrate samples using the vortex genie to mix the small amount of TBA left in the
tubes with the microfossils. Centrifuge down vials.

22.

Add several drops of 2000 cs silicone oil to each vial. Stir with a clean toothpick.

23.

Place uncorked samples in the dust free cabinet to let the TBA evaporate. Stir again
after one hour, adding more silicone oil if necessary.

24.

Check samples the following day; if there is no alcohol smell, cap the samples. If the
alcohol smell persists, give them more time to evaporate.
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Appendix B: Charcoal Point Counting Calculations
Calculations below are based on Clark (1982), with modifications in some cases by S. Horn.
This appendix is based on an unpublished laboratory handout by S. Horn prepared February
8, 2005 and modified May 3, 2006.
Areal density of charcoal on the slide (P) (e.g., the estimated probability that a random point
will fall on charcoal):
P = C/N
The accuracy, or relative error, of the estimate of P (Sp/P):
(Sp/P) = √(1-P)/C
Area of charcoal (total) in mm2 in all fields of view you counted (Af):
Af = P x Fat
Estimated area of charcoal in mm2 in the entire pollen sample (Aps):
Aps = M x Af
Mc
Charcoal area in mm2 expressed on the basis of volume of wet sediment (Acc):
Acc = Aps/V
Charcoal area in mm2 expressed on the basis of wet sediment mass (Awm):
Awm = Aps/W
Charcoal area in mm2 expressed on the basis of annual influx (Acy):
Acy = Acc * sedimentation rate expressed in cm/yr
Charcoal:Pollen ratio (C:P) expressed as mm2 charcoal per pollen grain:
C:P = Mpo x Af
Mc x Popc
Charcoal:Pollen ratio (C:P) expressed as µm2 charcoal per pollen grain:
C:P = Mpo x Af x 106
Mc x Popc
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Appendix B: cont’d
Po = points applied in each field of view
F = the number of fields of view you looked at
N = total number of points applied (equal to Po x F)
Fa = area in mm2 of each field of view
Fat = total area in mm2 on slide in which you looked at charcoal (equal to Fa x F)
C = the number of applied points that ―touched‖ charcoal
V = volume in cm3 of original wet sediment sample processed for pollen
W = mass in g of original wet sediment processed for pollen (from LOI sheet)
Pw = percent water in the wet LOI sample from the same level as pollen sample
M = number of Lycopodium marker spores added to original sample processed for pollen
Mc = number of Lycopodium marker spores you counted in the fields of view in which you
did the point counting
Mpo = number of Lycopodium marker spores you counted in the pollen count from the same
level
Popc = the total number of pollen grains (excluding spores and indeterminate) counted in the
pollen count from the same level

71

VITA
Brian Watson was born in Honolulu, Hawaii in 1983. He attended Farragut High
School in Farragut, Tennessee. After graduating high school in 2001, he continued his
education at the University of Tennessee. He began in Forestry, but soon changed his focus
to the interdisciplinary program of Environmental Studies, with a focus in Geography,
graduating with a Bachelor of Arts in May 2006. Inspired by his undergraduate coursework
in the department, he accepted a graduate teaching assistantship at the University of
Tennessee and began graduate work in Geography in the Fall of 2006. He served as a
teaching assistant in introductory physical geography, world regional geography, and the
land-surface system. Upon completing his M.S. degree, Brian will pursue an internship with
the National Park Service, administered by the Student Conservation Association, at the
Appalachian Highlands Inventory and Monitoring Network in Asheville, North Carolina.

72

